Peyronie's disease is a fibromatosis of the tunica albuginea, characterized by development of a plaque consisting primarily of collagen. It has been suggested that trauma to the erect penis is the inciting event. More recent research has focused on the cellular events leading to the dysregulated wound healing and plaque formation. Previous work has shown chromosomal aneusomies and this combined with an increased S-phase in plaque derived cell cultures suggests a perturbation in the cell cycle in this condition. The p53 protein has been shown to be an important cell cycle regulator and pro-apoptotic factor. Aberrant p53 function leading to cell immortalization and proliferation has been implicated in several human malignancies. We hypothesized that abnormal p53 function may explain the high proliferative ability of fibroblasts derived from Peyronie's plaques. This study was undertaken to study the presence and function of p53 and its downstream elements (p21, mdm-2) in Peyronie's disease cell cultures. Plaque-derived fibroblasts have been established in culture and characterized. These cells and control neonatal foreskin fibroblasts were subjected to 5 Gy of gamma radiation to induce DNA damage. After fixation, antibodies to p53 and its transcriptional elements were used to stain irradiated and non-irradiated cells and levels of p53, p21 and mdm-2 were quantified using combined immunoflouresence and flow cytometry. Non-irradiated plaque fibroblasts demonstrated the presence of p53, p21 and mdm-2 at baseline. In control foreskin fibroblasts no p53 or mdm-2 were detectable at baseline. In irradiated foreskin-derived cells significant changes in all elements were demonstrated indicating a fully functional p53 pathway and cell cycle checkpoint system in these cells. In contrast, plaquederived cells showed no such alterations in levels of cell cycle regulators following irradiation. This is highly suggestive of an aberration of the p53 pathway in plaque-derived fibroblasts. Peyronie's plaque-derived fibroblasts demonstrated stabilization and defunctionalization of p53 protein combined with appropriate responses of its transcriptional elements. These findings may explain the high cell proliferation rates in these cells and suggests a role for perturbation of the p53 pathway in the pathogenesis of Peyronie's disease.
Introduction
Peyronie's disease is a fibromatosis that is believed to affect up to 3% of the population. 1 Thus, its incidence is higher than many types of cancer. It is a condition characterized by exuberant collagen production in the tunica albuginea of the corpora cavernosa of the penis. 2, 3 The resultant scar (plaque) leads to penile curvature and in some men, erectile dysfunction (ED). Both curvature and ED may result in the inability to participate in penetrative sexual relations. Peyronie's disease is believed to be initiated by trauma (acute or repetitive minor) to the erect or semi-erect penis occurring most often during sexual intercourse. 4 It is suggested that the traumatic insult leads to a cascade of events, the exact nature of which remain unclear, eventuating in cellular proliferation and excess extra-cellular matrix (ECM) production, predominantly collagen. It shares similarities at the cellular level with other fibromatoses, including Dupuytren's contracture of the hand. 5, 6 The paradigm for the study of this condition is dysregulated wound healing. The basic study of this condition has been hampered by the absence until recently of suitable models. An animal model has been developed and is being actively studied, 7 however, we have established a robust cell culture model for the study of the biology of the fibroblasts that are integral to this condition. 8, 9 In the normal state, all cells are under strict control with regard to proliferation and death. This system maintains a fine balance, thus, ensuring homeostasis. The cell cycle is dependent upon the delicate interaction of pro-apoptotic and pro-proliferative factors. Cell over-proliferation, such as that occurring in malignant neoplasms and fibromatoses, may be the result of promotion by activators, failure of suppressors, or the failure to promote cell death (apoptosis). One such pro-apoptotic factor is p53. This 53 kD protein is intrinsically involved in cell cycle regulation, apoptosis and DNA damage repair pathways. Aberrant p53 function leading to cell proliferation and immortalization has been implicated in several human malignancies. 10 -13 Absence, alteration or loss of function of this protein may allow damaged cells, normally halted from passage through the cell cycle, to pass and proliferate, resulting in unregulated cell replication. In certain circumstances, this may lead to the development of non-malignant conditions such as fibromatoses. Recent work has explored the function of p53 in fibromatoses and although controversy exists in this literature 14 -18 a number of workers have implicated aberrations in the p53 pathway in the etiogenesis of certain benign conditions. 14 -16 In the normal state, the detection of the p53 protein is difficult due to its very short half-life. 13 Furthermore, p53 does not act in isolation but is under negative feedback control through the action of a variety of downstream elements, two of which are mdm-2 and p21 19 (Figure 1) . One of the classic techniques to determine the functional status of the p53 protein is to expose the cells to sub-lethal DNA damage, as occurs with radiation, and to then assess p53 levels. Normal cells will respond with increased expression of p53 and its downstream elements, halting cell replication and promoting cell death. 20 This study was undertaken to define the presence and functional status of p53 in fibroblasts cultured from Peyronie's disease plaques.
Patients and methods

Cell culture and characterization
Patient selection and cell culture was conducted as previously described in detail. 9 In brief, patients with documented Peyronie's disease of greater than 12 months duration who had elected to undergo reconstructive surgery were enrolled according to an approved Institutional Review Board (IRB) protocol. Two samples of tunica albuginea were taken from each patient, one from the plaque itself and the other from an area of 'normal' tunica remote from the plaque. Neonatal foreskins were used to generate control cells and were handled in an identical manner.
Using sterile technique, the tissue was sharply divided into 1 mm 2 fragments. Fragments from normal tunica plaque tissue and foreskins were treated with collagenase, centrifuged and cultured in standard culture medium solution (a-MEM plus 10% fetal bovine serum, 1% glutamine, neomycin= kanamycin) until confluent monolayers were established. Cells were harvested for analysis using trypsin=EDTA. After passaging, cells were stored in RPMI=15% fetal bovine serum=7.5% DMSO at 790 C. Cells were then characterized using monoclonal antibodies to intracellular antigens for the expression of vimentin (DAKO, Carpenteria, CA, USA), cytokeratin (BD Bioscience, San Jose, CA, USA), or smooth muscle specific actin (DAKO). Chamber slides were viewed using a Zeiss Axioscope fluorescence microscope using epifluorescence illumination. Control cells used for all immunofluorescence experiments were human foreskin fibroblasts derived from several different neonates.
Cell cycle regulator detection
Cells for staining were allowed to equilibrate to room temperature and washed twice with a solution of PBS=10%NCBS=0.1%NaNO 3 at room temperature. Between 0.5 and 1.5610 6 cells were aliquoted into microfuge tubes. Appropriate antibodies were prepared in PBS=10%NCBS=0.1%NaNO 3 =10% horse serum at a concentration of 1 mg=100 ml. Cells were incubated with the primary antibody for 90 min at 37 C. The antibody sources were as follows: p53 (clone DO7, DAKO, Cupertino, CA, USA); mdm-2 (Ab-2, Oncogene Science, Cambridge, MA, USA); p21 (clone SX118, Pharmingen, San Diego, CA, USA), goat anti-mouse IgG (isotype specific, Southern Biotechnology, Birmingham, AL, USA). The primary antibody was diluted, cells were centrifuged and the supernatants removed by suction. Immunoglobulin isotype-specific goat anti-mouse secondary antibodies labeled with FITC and RPE were used at 0.5 mg=100 ml and 0.25 mg=100 ml, respectively for 30 min at 37 C. The secondary antibody was diluted in a similar fashion and extracted after centrifugation. Cells were re-suspended in PBS= 10%NCBS= 0.1%NaNO 3 and propidium iodide (PI) was added for cell cycle analysis (15 ml of RNAase was also added to either primary or secondary incubation). A Zeiss Axioscope fluorescence microscope using epifluorescence illumination was used to qualitatively analyze the stained cells for the presence of the cell cycle regulators. Quantification of fluorescence was performed using an Epics Elite flow cytometer (Beckman-Coulter, Hialeah, FL, USA). Cells were excited at 488 nm using an argon laser (15 mW) with FITC fluoresence collected through a 525 AE 15 nm bandpass filter, RPE fluorescence collected through a 575 AE 15 nm bandpass filter and PI fluoresence collected through a 620 nm longpass filter. Listmode files containing a minimum of 15 000 events were collected, triggered on PI fluorescence and subsequently analyzed using Multi-2D software (Phoenix Flow Systems, San Diego, CA, USA). Statistical analysis of flow cytometric analysis of protein expression was performed using pair-wise comparisons (Student's t-test) of the level of expression (mean channel fluorescence) for each protein (p53, p21, mdm-2) between plaque-derived cells and control foreskin-derived cells after correction for background (isotype control) fluorescence.
p53 functional analysis
Low passage, subconfluent cells derived from both Peyronie's plaque and neonatal foreskins were either subjected to 5 Gy of gamma radiation or spared from irradiation. Radiation was administered using a Cesium 137 source (Nordion International Inc., Ontario, Canada) emitting gamma radiation. The cells were then immediately placed into culture medium. After 24 h, the cells were harvested. Cells were fixed with ice-cold 1% paraformaldehyde for 15 min, washed with ice-cold PBS and secondarily fixed and stored in 100% methanol at 720 C for at (Figure 2a) . Neonatal foreskin fibroblasts showed no discernible levels of immunofluorescence above background level when stained with anti-p53 antibodies (Figure 2b ). While there was some heterogeneity in the expression of cell cycle regulators, all four plaque-derived cultures demonstrated clear p53, p21 and mdm-2 expression (Figure 3 ). Foreskin fibroblasts demonstrated measurable levels of p21 but no detectable levels of mdm-2 ( Figure 3) . The difference in p53 expression between each individual plaque-derived cell culture and foreskin cells was highly statistically significant (P < 0.001).
As expected, p53 protein in non-irradiated neonatal foreskin fibroblasts was not detectable (equivalent to background levels) but increased significantly in irradiated cells (P < 0.001). In contrast, the levels of p53 in plaque-derived fibroblasts did not increase significantly following irradiation (P ¼ 0.12; Figure  4 ). In the control foreskin fibroblasts, while there was a baseline detectable level of p21, there was a Cell cycle regulation in Peyronie's disease JP Mulhall et al significant elevation in this level following exposure to 5 Gy of radiation (P < 0.05). The plaque fibroblasts exhibited no such significant increase in p21 levels (P ¼ 0.075; Figure 5 ). With regard to mdm-2 levels, the control cells demonstrated an a significant elevation in the level following irradiation compared to no detectable level at baseline (P < 0.001).
Plaque fibroblasts demonstrated no significant increase in mdm-2 levels after irradiation compared to baseline (P ¼ 0.09; Figure 6 ).
Discussion
Peyronie's disease is a fibromatosis involving the development and progression of a local fibromatosis within the tunica albuginea of the penis. While trauma to the erect or semi-erect penis is believed to be the inciting event, the cascade of events that eventuates in the formation of the plaque is not fully elucidated. Many theories have been implicated in the pathogenesis of this disorder including Figure 4 p53 Levels in irradiated and non-irradiated cells. P represents pooled data from the plaque-derived fibroblasts and NF data from the foreskin-derived fibroblasts. Note there is no significant change between non-irradiated cells and radiated cells in the P populations (P ¼ 0.12) compared to a significant increase in p53 expression in NF cells that were irradiated with 5 Gy. The change in NF cells reached statistical significance (P < 0.001).
Figure 5 p21 Levels in irradiated and non-irradiated cells. P represents pooled data from the plaque-derived fibroblasts and NF data from the foreskin-derived fibroblasts. Note there is no significant change between non-irradiated cells and radiated cells in the P populations (P ¼ 0.075) compared to a significant increase in p21 expression in NF cells that were irradiated with 5 Gy. The change in NF cells reached statistical significance (P < 0.05).
Cell cycle regulation in Peyronie's disease JP Mulhall et al autoimmune factors, 22, 23 over-expression of cytokines, 7,9,24 chromosomal instability, 21, 25, 26 and alterations in collagen deposition. 2, 27 The paradigm for the study of this condition is dysregulated wound healing and fibrosis. It has been clearly documented that over-production of ECM, predominantly collagen, occurs in this condition and fibroblasts play a large role in the secretion of this ECM. 8, 9, 21 A number of authors have demonstrated that the cells derived from Peyronie's disease plaque tissue are fibroblasts and that a sub-population is myofibroblastic in nature. 8, 9, 21 Hand-in-hand with excess ECM production is the existence of cellular over-proliferation. We have shown, using the MTT assay, that fibroblasts derived from plaque tissue proliferate at faster rates than fibroblasts derived from uninvolved tunica from men with Peyronie's disease, tunica from young men with congenital penile curvature and fibroblasts derived from neonatal foreskin. 8 Furthermore, analyzing S-phase data from flow cytometry, plaquederived fibroblasts clearly demonstrated higher DNA production than control cells. 28 Neonatal foreskin fibroblasts generally had S-phase values of approximately 10%, whereas, plaque fibroblasts consistently demonstrate an S-phase between 25 and 40%. Thus, with the apparent dysregulation of plaque fibroblast proliferation, aberrations in cell cycle regulation may play a significant role in this condition.
In normal cells, the control of population density is tightly regulated by a delicate balance between cell proliferation and apoptosis. 13 While multiple factors are involved in this process, p53 represents one of the most significant elements. The primary function of p53 and its downstream elements is to block the progress through the cell cycle of cells unfit for replication (Figure 1) . In response to sublethal DNA damage, the p53 gene is transcriptionally activated, resulting in increased cellular levels of p53 protein. p53 gene activation induces transcription of a number of genes, including p21 and mdm-2. The p21 protein, whose production is upregulated by p53 expression, binds to a number of cyclin=cyclin dependent kinase complexes inhibiting their function, and this results in a block in cell cycle progression. The mdm-2 gene is activated by p53, producing the protein (also known as p90) which binds to p53, blocking its transactivational domain. It then transports p53 from the nucleus to the cytoplasm, where it is degraded. Thus, mdm-2 acts as a feedback loop to dampen the normal p53 response to DNA damage.
Loss of p53 suppressor function, through mutation, deletion or inactivation has been shown to be a promoter of the development and progression of numerous malignancies. 10 -12 To date, little work has been done analyzing p53 presence and function in benign conditions, such as fibromatoses. While no consensus exists, some workers have documented p53 aberrations in benign conditions. 14 -16 While p53 can be qualitatively assessed in a reliable fashion using immunohistochemistry, quantitative analysis is more difficult using this technique. Combining immunoflourescent staining and flow cytometry, a quantitative analysis of p53 protein expression is possible. In normal cells, the half-life of p53 is so short that it is extremely difficult to measure. In malignant cells the p53 protein is stabilized allowing determination of its measurement. In malignancies, in combination with its stabilization, p53 function is also perturbed, leading Figure 6 mdm-2 Levels in irradiated and non-irradiated cells. P represents pooled data from the plaque-derived fibroblasts and NF data from the foreskin-derived fibroblasts. Note there is no significant change between non-irradiated cells and radiated cells in the P populations (P ¼ 0.09) compared to a significant increase in mdm-2 expression in NF cells that were irradiated with 5 Gy. The change in NF cells reached statistical significance (P < 0.001).
Cell cycle regulation in Peyronie's disease JP Mulhall et al to a shift away from apoptosis in favor of cell overproliferation. Stabilization and defunctionalization of p53 may result through a number of mechanisms, including p53 gene mutation or binding of other factors to the p53 protein rendering it nonfunctional. Our data clearly demonstrate the presence of p53 in plaque fibroblasts, while foreskin fibroblasts demonstrate only a background level of immunoflouresence indicating no detectable p53 (Figures 2  and 3) . At baseline, all plaque fibroblast cultures studied had measurable levels of p53 as well as p21 and mdm-2. Along with the absence of p53 in the foreskin fibroblasts, no mdm-2 protein was detected. Interestingly, p21 was detected in the control cells, suggesting that there are p53-independent mechanisms involved in the regulation of p21 expression as has been suggested elsewhere. 19 Furthermore, our data indicate that foreskin fibroblasts respond to irradiation in an expected fashion, indicating normal function of the p53 pathway. 20 In these cells, levels of p53 increased dramatically following 5 Gy irradiation from an undetectable level at baseline (Figure 4 ). An identical change is seen in p21 and mdm-2 levels (Figures 5 and 6 ). All of these changes reached statistical significance (P < 0.001, < 0.05, < 0.001 for p53, p21, an mdm-2, respectively). In contrast to these alterations, plaque fibroblasts, despite expressing significant quantities of p53, p21 and mdm-2 at baseline (non-irradiated cells) demonstrated no significant quantitative change (P ¼ 0.12, 0.075, 0.09 for p53, p21 and mdm-2, respectively) following irradiation.
On flow cytometric analysis, the neonatal foreskin fibroblasts' response to irradiation was characterized by a significant increase in the percentage of both G 1 and G 2 =M populations, with a concomitant decrease in per cent S-phase cells. These results suggest the presence of functioning cell cycle checkpoints, which are integral to the halting of damaged cells re-entering the cell cycle. These cell cycle checkpoints are dependent upon normal p53 protein function. 29 These findings represent the classic response of normal diploid human fibroblasts to irradiation. In contrast to these findings, plaque fibroblasts showed little change in cell cycle compartments following 5 Gy gamma irradiation. While S-phase populations were reduced by 10 -20% in irradiated plaque fibroblasts, this was significantly less than the 70 -90% decrease seen in the S-phase of control neonatal foreskin fibroblasts. These results indicate that the p53 pathway is not functioning optimally in plaque fibroblasts and thus, there is a lack of functioning cell cycle checkpoints in these cells.
These data represent the first indication that there is an abnormality in the p53 pathway in plaquederived fibroblasts. This supports previous findings from analyses of p53 function in other fibromatoses. Halberg et al demonstrated an association between p53 deficiency and the occurrence of desmoid tumors. 14 Hoos et al showed that 4% of desmoid tumor specimens evaluated by immunohistochemistry had p53 abnormalities. 15 Moffatt et al found that 25% of fibromatoses examined expressed p53 and its presence correlated with aggressiveness and recurrence potential of these lesions. 16 The implications of p53 abnormalities in Peyronie's disease are unknown but potentially far-reaching. The question must be raised, why is it that Peyronie's plaques do not progress to malignant lesions as occurs in other cells and tissues that express p53. All cells analyzed in this study were low passage in nature and it may be that as plaque-derived fibroblasts continue to replicate there may be a correction in the p53 pathway aberration.
These findings are supportive of the chromosomal abnormalities that have been described by our laboratory and others. 21, 25, 26 Perturbations of p53 lead to unregulated DNA synthesis and eventual abnormal chromosomal replication leading to aneusomies. Using karyotyping, Somers et al found aneusomies of chromosomes 7 and 8 and deletions of the Y-chromosome. These findings have been confirmed by our laboratory, using fluorescent in situ hybridization (FISH). In conjunction with aneusomies of chromosomes 7 and 8 we also found increased copy number of chromosomes 17, 18 and X. The loss of the Y-chromosome was also confirmed. 25, 26 These findings are consistent with those in other benign conditions including Dupuytren's contracture, 30, 31 desmoid tumors 32 and ovarian fibromata. 33, 34 In the future, analysis of p53 gene structure and expression will be essential to a comprehensive understanding of the role that p53 plays in this condition. Furthermore, investigation of the patterns of p53 protein localization may shed further light on its role in the etiogenesis of Peyronie's disease.
Conclusions
In a fibroblast culture model using immunofluoresence imaging and flow cytometry we have demonstrated that Peyronie's disease plaque-derived cells express significant levels of p53 protein along with its transcriptional elements p21 and mdm-2. No such expression was demonstrated in control foreskin fibroblast cultures. In response to the induction of sub-lethal DNA damage using 5 Gy of gamma radiation, no alteration in the expression of any of the three elements was seen in plaque-derived fibroblasts. This contrasted to a significant increase in the levels of p53, p21 and mdm-2 in control cells following irradiation. This finding suggests that p53 is both stabilized and defunctionalized in Peyronie's plaque fibroblasts and suggests a role for an aberration in the p53 pathway in the pathogenesis of this condition. These findings also suggest that this area may represent a novel avenue for further research into the basic cellular events involved in the development of Peyronie's disease.
